Dynamic rearrangements of the actin cytoskeleton are essential for cellular responses to the environment, and cells employ a host of proteins to control nucleation, polymerization, capping, severing, bundling, crosslinking and depolymerization of actin (1) . Fission yeast have two well-characterized nucleators of actin filaments, formins (Cdc12 and For3) and Arp2/3 complex (consisting of seven-subunits, Arp3, Arp2 and ARPC1-5) (2).
Formins assemble unbranched filaments present both in cables that span the length of interphase cells and in the contractile ring, which constricts during cytokinesis (3, 4) . Arp2/3 complex nucleates branched filaments in cortical structures called actin patches, which are sites of endocytosis located at cell poles during interphase and the cleavage furrow during cytokinesis (5) (6) (7) .
Arp2/3 complex nucleates actin filament branches on the sides of pre-existing (mother) filaments (8) . The new (daughter) filament grows at an angle of 78 degrees on the side of the mother filament (9) . Arp2/3 complex from most species is intrinsically inactive, but is stimulated to form an actin filament branch through interactions with proteins called nucleation promoting factors (NPFs), ATP, an actin monomer and the side of a mother filament (2) . WASp/Scar family proteins, the prototypical NPFs, contain a Cterminal region termed VCA (Verprolin homology, Central, Acidic), which is the minimal fragment required to activate nucleation by Arp2/3 complex. Crystallographic and electron microscopic data suggest that a conformational change reorients the two actin-related subunits, Arp2 and Arp3, like two successive actin subunits along the short pitch helix of an actin filament to create the nucleus for polymerization of the daughter filament (9, 10) . A model built by fitting crystal structures into reconstructions of electron tomograms of branch junctions shows that all seven subunits of Arp2/3 complex contact the mother filament and that the barbed ends of Arp2 and Arp3 interact with the pointed end of the daughter filament (9) .
Numerous questions remain about the mechanism of branching nucleation in spite of many structural and kinetic studies. Nucleotide binding favors a conformation of Arp3 that may contribute to activation (11, 12) . 6 
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The V region of NPFs binds an actin monomer (13, 14) , recruiting it to the branch point, while the C and A regions bind to Arp2/3 complex and are thought to facilitate conformational changes required for nucleation (14, 15) . Crosslinking, radiation footprinting and NMR experiments have implicated all but two subunits (ARPC2 and ARPC4) in interactions with VCA (16) (17) (18) (19) , but no high-resolution structural information on VCA binding is available. A model based on small angle x-ray scattering of Arp2/3 complex bound to actin and VCA has the actin monomer located at the barbed end of Arp2 (20) . Expression of recombinant human Arp2/3 complex subunits in insect cells demonstrated that ARPC2 and ARPC4 are essential for the integrity of the complex and that both of these subunits and Arp3 are necessary to assemble a complex that can nucleate actin filaments (21) . This study did not address the role of Arp2 in the stability and nucleation activity of Arp2/3 complex.
Here, we show that a complex lacking the Arp2 subunit (∆Arp2 Arp2/3 complex) can be isolated from fission yeast. Except for the absence of Arp2, the loss of Arp2 did not perturb the crystal structure of Arp2/3 complex. ∆Arp2 Arp2/3 complex bound Wsp1-VCA but did not nucleate actin filaments, so Arp2 is essential to initiate a branch. Mutational analysis showed that branching nucleation does not require the Nterminus of ARPC5 to anchor Arp2 as proposed in one model of activation (22) .
EXPERIMENTAL PROCEDURES

Purification of S. pombe Arp2/3 complex-
We purified native Arp2/3 complex from S. pombe strain TM011 typically starting with 500 grams of wet cells. Ten milliliters of a turbid culture of cells were inoculated per liter of media made from 35 g/L YES (Q-biogene) and grown with vigorous shaking overnight at 30˚C. In the morning, an additional 70 g/L YES was added, and the cultures were grown to an OD of approximately 6.0 at 600 nm. Cells were then pelleted and washed in lysis buffer (20 mM Tris pH 8.0, 50 mM NaCl, and 1 mM EDTA). Pellets of cells were resuspended in 1 mL of lysis buffer per gram of wet cells and stored at -80°C until lysis. After thawing, an additional 0.4 mL of lysis buffer plus DTT (to 1 mM) and complete protease inhibitor tablets (Roche, 1 tablet per 50 mL) were added per gram of cells. All subsequent steps were at 0-4°C. Cells were lysed using a Microfluidizer (Microfluidics, model 110EH). Phenylmethylsulfonyl fluoride (PMSF) was added to 1 mM and the lysate was centrifuged at 30,000 g for 20 min. The supernatant was centrifuged a second time at 125,000 g for 1 hour, filtered through cheesecloth, and loaded on a 150 mL QSepharose column equilibrated with lysis buffer. The column was washed with 1.5 column volumes of lysis buffer containing 1 mM DTT and protein eluted with 20 mM Tris 8.0, 300 mM NaCl, 1 mM EDTA, 1 mM DTT. Protein was precipitated from the eluted fractions with 40 % ammonium sulfate, pelleted, and resuspended in 50 mL of PKME (25 mM PIPES pH 7.0, 50 mM KCl, 1 mM EGTA, 3 mM MgCl 2 , 1 mM DTT and 0.1 mM ATP) and dialyzed overnight against the same buffer. The sample was then loaded onto an 8 mL column of glutathione-Sepharose 4B (GE Healthcare) pre-charged with GST-N-WASp-VCA and equilibrated with PKME. GST-NWASp-VCA was purified as described for GST-WASp-VCA (23) . Arp2/3 complex was eluted with a linear 60 mL gradient of 50-1000 mM NaCl. Peak fractions were pooled and dialyzed against 20 mM Tris 8.0, 100 mM NaCl, 1 mM EGTA, 1 mM DTT and 1 mM MgCl 2 and fractionated on a 0.5 x 5 cm column of MonoQ (GE Healthcare) equilibrated with 20 mM Tris 8.0, 100 mM NaCl, 1 mM EGTA, 1 mM DTT and 1 mM MgCl 2 and eluted with a linear 20 mL gradient of 100-400 mM NaCl. Pooled fractions were concentrated to 1.0 mL with Amicon Ultra-15 concentrators (Millipore) and loaded onto a Superdex200HR16/60 gel filtration column (GE Healthcare) equilibrated with 20 mM Tris 8.0, 100 mM NaCl and 1 mM DTT. Peak fractions were pooled and diluted two-fold with 20 mM Tris 8.0 and 1 mM DTT before concentrating and flash freezing in liquid nitrogen.
Protein concentration was determined by measuring absorbance at 280
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Purification of S. pombe Wsp1-VCA constructs-
pGV67-Wsp1-VCA was constructed by amplifying S. pombe Wsp1 residues 497-574 with 5'-BamHI and 3'-EcoRI restriction sites and cloning into pGV67, a plasmid derived from p21d (Novagen) and containing an N-terminal GST tag followed by a tobacco etch virus (TEV) cleavage site. pGV67-Wsp1-Cys-VCA was constructed using the same procedure, with a single cysteine inserted 5' to the 497-574 fragment.
E. coli strain BL21(DE3) was transformed with either pGV67-Wsp1-VCA or pGV67-Wsp1-Cys-VCA, grown to OD600 nm of 0.8 and induced with 0.4 mM IPTG for overnight expression at 22 ˚C. Cells from an 8 L culture were harvested and lysed in 300 mL 20 mM Tris pH 8.0, 25 mM NaCl, 2 mM DTT and 1 mM PMSF containing 4 Roche protease inhibitor tablets per 50 mL. Cells were lysed with a Branson sonicator, and the lysate cleared by centrifugation at 100,000 g for 30 min. Supernatant was loaded onto a 35 mL column DEAE-Sepharose equilibrated in lysis buffer and eluted with a linear 300 mL gradient of 25-700 mM NaCl. Fractions containing recombinant protein were pooled and diluted with lysis buffer lacking NaCl to reduce the salt to 140 mM. The sample was then loaded on a 10 mL column of glutathione-Sepharose 4B equilibrated with 20 mM Tris 8.0, 140 mM NaCl, 2 mM EDTA, and 2 mM DTT (binding buffer) and washed with 5 column volumes of the same buffer. The wash buffer was allowed to drain to the top of the column bed, and 30 µL of 75 µM TEV protease (purified from E. coli by expression from the pRK1043 TEV vector kindly provided by D. Waugh (25) ) was mixed into the glutathione-Sepharose slurry. Protein was released from the column during incubation with gentle rocking overnight at 4˚C. Eluted protein was pooled and loaded onto a 0.5 x 5 cm MonoQ column equilibrated with 20 mM Tris pH 8.0, 100 mM NaCl and 2 mM DTT. Protein was eluted with a 20 mL linear gradient of 100-800 mM NaCl, concentrated, and purified by size-exclusion chromatography on a Superdex75HR16/60 column (GE Healthcare) in 20 mM Tris 8.0, 100 mM NaCl and 1 mM DTT before reconcentrating and flash freezing in liquid nitrogen.
Preparation of rhodamine-labeled Sp-Wsp1-Cys-VCA-Sp-Wsp1-Cys-VCA was purified as the SpWsp1-VCA construct, except that DTT was excluded from the final gel filtration buffer. A fresh 20 mM stock of tetramethylrhodamine-6-maleimide (Invitrogen) in dimethylformamide was added drop-wise to the pooled peak fractions of SpWsp1-Cys-VCA while stirring on ice. Reaction was stopped after one hour by the addition of 1 mM DTT. Labeled protein was separated from free dye by ion exchange chromatography on a 0.5 x 5 cm MonoQ column and through repeated concentration and dilution in an Amicon Ultra protein concentrator. Concentration of SpWsp1-Rho-VCA (Rho-VCA) was determined by measuring absorbance at 552 nm with an extinction coefficient of 44,660 M -1 cm -1 (14) .
Preparation of labeled and unlabeled and actin monomers-We purified actin by established procedures: chicken skeletal muscle actin (26) , pyrene-labeled actin (27) and Oregon green actin (OG-actin) (28) . Fluorescence anisotropy assays-We used a PTI Alphascan fluorimeter with a T-format for fluorescence measurements (Photon Technology International). Samples were excited at 552 nm and anisotropy was measured at 578 nm. The excitation monochromometer bandwidth was 6 nm and the emission bandwidth was 4 nm. Fixed concentrations of Rho-VCA were titrated with SpArp2/3 complex and the fluorescence measured for both filter positions at 0.1 points/sec for 40 s. PTI Felix software was used for data collection and to calculate average anisotropy. For FRET measurements fixed concentrations of OG-actin were titrated with Rho-VCA with excitation at 480 nm, emission at 517 nm and 3 nm slit widths.
Construction of mutant strains of S. pombe-
Actin polymerization assays-We measured the nucleation activity of wild-type and mutant Arp2/3 complex from the time course of actin polymerization. Polymerization reactions of 100 µL were assembled as follows: 2 µL of 10 mM EGTA and 1 mM MgCl 2 were added to 20 µL of 20 µM 15% pyrene actin monomers in G-buffer (2 mM Tris-HCl pH 8.0, 0.2 mM ATP, 0.1 mM CaCl 2 , 0.5 mM DTT and 0.01% NaN 3 ) followed immediately by adding 78 µL of a solution containing Arp2/3 complex, SpWsp1-VCA with buffers and salts to bring the final reaction conditions to 10 mM imidazole pH 7.0, 50 mM KCl, 1 mM EGTA, 1 mM MgCl 2 . Fluorescence measurements were made at 15 s intervals in a 96 well plate using a Gemini XPS spectrofluorimeter (Molecular Devices) with an excitation wavelength of 365 nm and an emission wavelength of 407 nM. The rate of polymerization was determined from slope of the polymerization curve at 50 % polymer formation. Determination of equilibrium binding constants-Binding constants were determined by fitting the anisotropy curves to the following equation:
where rf is the signal of the free receptor (R), rb is the signal of the bound receptor, and [L] is the total concentration of the ligand (species titrated). rb and K d were fit using Kaleidagraph (Synergy Software).
Determination of binding constants for unlabelled SpWsp1-VCA measured using competition assay is described in supplemental materials.
Crystal growth and structure determinationCrystals of ∆Arp2 Arp2/3 complex grew in 750 mM ammonium sulfate, 50 mM sodium citrate and 7% glycerol at 4˚C to an average size of 150 x 80 x 80 µm. Adenosine triphosphate (ATP) and calcium chloride were present in the crystallization drop at 0.5 mM each. The crystals diffracted weakly and were indexed to the P4 2 22 space group with a large unit cell (a = 219.1 Å, b = 219.1 Å, c = 315.2 Å) and two molecules in the asymmetric unit (76% solvent). Attempts to dehydrate crystals by increasing the precipitant concentration did not improve diffraction. We used a homology model of the S. pombe Arp2/3 complex based on the crystal structure of bovine Arp2/3 complex (31) with the Arp2 subunit removed as a molecular replacement search model. We also removed inserts and regions with high Bfactors in the bovine complex structure from the search model. We found one solution using the program Phaser (32) with a translational Z-score of 25.6. The initial model was improved through three successive rounds of rebuilding and restrained refinement carried out using REFMAC with a weighting parameter of 0.005. B-factors were refined by TLS refinement using one TLS group for each subunit (33) . The two molecules in the asymmetric unit were symmetrically constrained throughout the refinement. To improve density for model building, B-factors were sharpened using a value of 70 Å 2 . The final model had an R free of 34.4 % and a R work of 32.4 %. Coordinates were deposited in the protein databank with accession code xxx.
Fluorescence microscopy-Cells were grown to OD595 = 0.2-0.5 in YE5S at 25°C and washed in EMM before mounting on 25 % gelatin pads (34) . Images were acquired on an UltraView RS (Perkin Elmer) spinning disk confocal system installed on an Olympus IX-71 microscope with a 100x, 1.4 NA PlanApo lens (Olympus) and analyzed using Image J software (http://rsb.info.nih.gov/ij/). Z-series were collected in 0.6 µm steps with 200 ms sequential excitation of YFP and CFP.
RESULTS
Isolation of S. pombe Arp2/3 complex lacking
Arp2-Arp2/3 complex from S. pombe purified as a single component during ammonium sulfate precipitation, ion-exchange chromatography (Q-Sepharose) and affinity chromatography on GST-N-WASp-VCA on a glutathione-Sepharose 4B column but split into two peaks during anion exchange chromatography on MonoQ. The first MonoQ peak eluted at a conductivity of 22 mS/cm, the second peak eluted at 29 mS/cm (Fig. 1A) . We completed the purification of the two fractions of Arp2/3 complex by gel filtration on a column of Superdex 200. Both peaks contained Arp2/3 complex subunits, but the band on SDS PAGE previously shown to contain both Arp2 and ARPC1 (7) was less intense in pool A (Fig. 1B) . Two-dimensional PAGE (Fig. 1C) showed that pool A lacked a cluster of four spots corresponding to Arp2 (theoretical pI = 5.8). Immunoblots with an S. pombe Arp2 antibody verified that Arp2 was missing (data not shown). The fraction of complex lacking Arp2 (∆Arp2 Arp2/3 complex) ranged from 5 -35 % (average = 13 %) of total Arp2/3 complex in five preparations from wild type cells.
Arp2 is required for Arp2/3 complex nucleation activity-Polymerization assays showed that 200 nM ∆Arp2 Arp2/3 complex did not nucleate actin filaments, whereas 200 nM of complete Arp2/3 complex (pool B) increased the concentration of barbed ends to a maximum of 3.5 nM in the presence of 1.6 µM SpWsp1-VCA and 4 µM chicken skeletal muscle actin ( Fig. 2A) . Even 1 µM ∆Arp2Arp2/3 complex had no detectable nucleation activity (data not shown).
The ∆Arp2 Arp2/3 complex binds SpWsp1-VCA and actin monomer-To determine the basis for the inactivity of ∆Arp2 Arp2/3 complex, we used fluorescence anisotropy to measure the affinity of rhodamine-labeled SpWsp1-VCA (Rho-VCA) for complete and ∆Arp2 Arp2/3 complex. Rho-VCA bound complete Arp2/3 complex with a dissociation equilibrium constant (K d ) of 49 ± 5 nM and the ∆Arp2 complex with an affinity of 120 ± 13 nM (Fig. 2B -inset) . Because the rhodamine label can affect the affinity of VCA for Arp2/3 complex (14), we carried out competition assays using unlabeled SpWsp1-VCA (VCA) (Fig. 2B ). VCA had a slightly higher affinity (K d = 0.4 ± 0.1 µM) ) for ∆Arp2 Arp2/3 complex than native Arp2/3 complex (K d = 0.9 ± 0.1 µM ). Therefore, the Arp2-less complex is not inactive due to a loss of ability to bind this nucleation-promoting factor.
We next sought to determine if VCA bound to ∆Arp2 Arp2/3 complex could recruit an actin monomer to form the ternary complex of Arp2/3 complex, NPF and an actin monomer. This ternary complex is thought to assemble before binding to an actin filament to initiate a branch (14) . To detect interaction of the VCA NPF with actin, we used fluorescence energy resonance transfer (FRET) from an Oregon Green 488 label on cys374 of actin (OG-actin) to Rho-VCA (Fig. 2C) (35) . This assay gave a K d of 16 ± 2 nM for Rho-VCA binding OG-actin in the absence of Arp2/3 complex (Fig. 2D) . FRET was then measured in the presence of 3 µM Arp2/3 complex, so that >98% of the Rho-VCA was bound to Arp2/3 complex. The presence of 3 µM complete Arp2/3 complex slightly increased the K d of Rho-VCA and OG-actin to 24 ± 1 nM, whereas the presence of 3 µM ∆Arp2Arp2/3 complex had no effect on the binding (K d = 12 ± 2 nM). These results indicate that both complete and ∆Arp2 Arp2/3 complexes can form a ternary complex with a VCA nucleation promoting factor and an actin monomer. Because excess Arp2/3 complex does not increase the affinity of actin for Rho-VCA, we conclude that actin does not make productive contacts with Arp2/3 complex in the ternary complex.
Structure of ∆Arp2 Arp2/3 complex-To determine whether loss of the Arp2 subunit perturbs the structure of Arp2/3 complex, we solved the crystal structure of ∆Arp2Arp2/3 complex using molecular replacement with a homology model based on the crystal structure of bovine Arp2/3 complex (31) to estimate initial phases. We used this model to generate a solvent-flattened electron density map averaged using the two molecules in the asymmetric unit. The map showed density for a number of features not included in the original model, including 19 residues of a 47 amino acid insert in ARPC1 and ATP in the Arp3 cleft (see discussion below). Three successive rounds of rebuilding and restrained refinement improved the model. Of the 1615 total residues per complex, 1308 were modeled, but 287 of these were lacking density for side chains and were modeled as alanine. Much of the backbone of ARPC3 was disordered, so only 65% of this subunit could be modeled. The final R free was 34.4 % and the final R work was 32.4% (Table 1) , high Rfactors typical of this resolution range. Despite the low resolution, omit electron density maps calculated at the start of the refinement clearly showed not only the secondary structure, but side chain density for most residues (Supplemental Fig. S1 ). This is the first crystal structure of Arp2/3 complex other than that from cow (10) (11) (12) . Given the limited resolution of the data, we confine our discussion to comparisons of gross structural features of S. pombe and bovine complexes, such as the overall arrangement of the subunits and the conformation of long backbone segments that adopt dramatically different conformations in the structures.
The overall structure of the ∆Arp2 Arp2/3 complex from S. pombe closely resembles bovine Arp2/3 complex, except for the absence of Arp2 (Fig. 3A) . Arp2/3 complexes from these two species can be overlaid with an overall RMSD of 1.85 Å for 1166 aligned Cα atoms. Therefore, dissociation of Arp2 does not cause major changes in the rest of the complex (See Supplemental fig. S2 for detailed analysis).
The complete S. pombe Arp2/3 complex did not crystallize under the same conditions used to grow crystals of ∆Arp2 Arp2/3 complex. Modeling Arp2 into the ∆Arp2 Arp2/3 complex crystal revealed that Arp2 sterically clashes with the Arp3 subunit from a symmetry-related complex, explaining why the packing arrangement is not possible if Arp2 is present.
The presence of the ARPC1 insert was the most striking feature of the electron density map of S. pombe ∆Arp2 Arp2/3 complex (Figs. 3, A and B and 4) . Electron density for this region was present in the first F o -F c map and subsequent rounds of rebuilding/refinement allowed us to build 19 of 47 residues of the insert. This region forms a random coil that inserts into the groove between subdomains 2 and 4 of Arp3 from the other molecule in the asymmetric unit (Supplemental Fig. S3, A) . In some crystals of bovine Arp2/3 complex, the most conserved portion of the ARPC1 insert forms an α-helix, which packs against the barbed end of Arp3 between subdomains 1 and 3 in a symmetryrelated molecule (Supplemental Fig. S3,  B) (10) . The conformations of the ARPC1 inserts differ markedly in crystals of S. pombe and bovine Arp2/3 complexes (Fig. 3A) . The ordered region of the insert in the structure of ∆Arp2 Arp2/3 complex consists of residues unique to S. pombe (Fig. 3C) , while the conserved region of the insert that forms an α-helix in some bovine Arp2/3 complex structures is disordered in the structure of ∆Arp2 Arp2/3 complex (Fig. 3C) . The conserved portion of the ARPC1 insert is proposed to interact with one or more actin subunits in the mother filament (9,10). The flexibility revealed by our new structure may be critical for this proposed function of this part of Arp2/3 complex.
The N-terminus of ARPC5 is not essential for activity-A model of Arp2/3 complex in an actin filament branch based on a 3-dimensional reconstruction from electron tomograms has Arp2 positioned next to Arp3 as the second subunit in the daughter filament (9) . This requires a shift of Arp2 by 31 Å from its position in the inactive conformations captured in crystals. The "migration model" for activation (22) proposed that the Nterminus of ARPC5 serves as a tether for Arp2 as it dissociates from Arp3, ARPC1 and ARPC4 and migrates into the active conformation (Fig. 5, A and B) .
We tested this hypothesis by mutating the conserved arginine from the N-terminus of ARPC5 to a glutamic acid (ARPC5R3E) or deleting the N-terminus entirely (ARPC5∆N). Both mutant strains grew normally at 30˚C on YES plates but slower than wild type at 25˚C and 36˚C on YES + 1 M NaCl (data not shown). Additionally, both mutants were defective in expelling Phloxin-B at 25˚C and 36˚C, but not at 30˚C (data not shown). The ARPC5∆N strain yielded about 50 % more purified complex lacking Arp2 than wild type cells (data not shown). Purified ARPC5∆N Arp2/3 complex (Fig. 5C ) nucleated filaments as efficiently as native SpArp2/3 complex (Fig.  5D) . Thus, the N-terminus of ARPC5 is not necessary for branching nucleation in vitro.
Arp2 co-localizes with other Arp2/3 complex subunits throughout the cell cycle-To determine if Arp2/3 complex in some parts of cells lacks Arp2, we imaged haploid strains of S. pombe expressing both Arp2 C-terminally labeled with cyan-fluorescent protein (CFP) and ARPC3 C-terminally labeled with yellow fluorescent protein (YFP). Both tagged genes were expressed from native promoters and provided the sole copy of the gene. Cells depending on both tagged proteins were viable but often misshapen. Their actin patches turned over slower than patches in cells with only one tagged Arp (V. Sirotkin, personal communication). Arp2 and ARPC3 colocalized in actin patches during all stages of the cell cycle (Fig. 6A) . The relative fluorescence intensities of Arp2-CFP and ARPC3-YFP in patches were well correlated (Fig. 6B) , showing that subpopulations of patches depleted of Arp2 were not present. The ratios of Arp2-CFP and ARPC3-YFP fluorescence were unequal in some patches moving away from the plasma membrane, owing to the time lapse between acquisition of CFP and YFP images. These results suggest that if Arp2 dissociates from the rest of Arp2/3 complex in S. pombe, it does not leave the actin patches.
DISCUSSION
Isolation and activity of the ∆Arp2 Arp2/3 complex-We considered multiple hypotheses to explain why some of purified fission yeast Arp2/3 complex lacks Arp2. Measurements of fluorescently tagged Arp2/3 complex subunits in fission yeast indicated that all subunits were present in the cytoplasm at near equal concentrations, with Arp2 the second most abundantly expressed subunit (36) . Therefore, low levels of Arp2 expression cannot explain the existence of the ∆Arp2 Arp2/3 complex. Dissociation of Arp2 during purification is the most likely explanation for the presence of ∆Arp2 Arp2/3 complex. No information is available on the affinity of individual subunits for Arp2/3 complex in S. pombe, but no Arp2 dissociated from the complete fission yeast complex during gel filtration chromatography, indicating that the complete complex is stable under these conditions. A similar experiment with Acanthamoeba Arp2/3 complex showed that the highest dissociation equilibrium constant for any subunit is 70 nM (37) . However, about 7 % of Arp2 dissociated when the complete complex was subjected to a second round of MonoQ purification. We conclude that Arp2 is the least tightly associated subunit in the S. pombe complex and that some Arp2 dissociates during anion exchange chromatography and elution with high salt. Electrospray mass spectrometry after highpressure liquid chromatography showed no mass differences for the individual subunits of the complete and Arp2∆ complexes (S. Almo and W. Zenchek, Albert Einstein College of Medicine, personal communication). Therefore, neither proteolysis during purification nor differences in posttranslational modifications to subunits common to both complexes is responsible for dissociation of Arp2. We attempted to purify His-tagged Arp2 from the rest of the complex for reconstitution experiments, but could not isolate adequate amounts of purified Arp2 under either native or denaturing conditions (data not shown).
Previous work suggested that Arp2 may not be essential in some organisms, but no one had studied the biochemical properties of Arp2/3 complex lacking Arp2. Winter, et al. found that deletion of ARP2 from S. cerevisiae is not lethal (38), suggesting that actin might substitute for Arp2 during filament branching. However, the E316K mutation of S. pombe Arp2 causes dissociation of Arp2 from the complex and septation defects at 36˚C indicating the importance of Arp2 (39). Gournier, et al. expressed human Arp2/3 complex without the Arp2 subunit in insect cells, but could not isolate the Arp2∆ Arp2/3 complex (21).
Our preparation of fission yeast Arp2/3 complex lacking Arp2 did not nucleate actin filaments in an assay with SpWsp1-VCA and chicken skeletal muscle actin ( Fig. 2A) , so actin cannot substitute for Arp2 in the branching reaction. S. pombe Arp2 and chicken skeletal muscle actin are 45% identical, but many residues of Arp2 that contact ARPC4, ARPC1 or ARPC5 are different in actin. For example, the αG helix in Arp2 (residues 226-236) and the loop immediately following it (residues 237-242) make extensive contacts to ARPC4, and only 4 residues in this region are identical in actin and Arp2. In addition, both Arp2 and Arp3 contain an insert in the αK/ β15 (Arp2 residues 320-334) loop not present in actin. In Arp2, this insert forms a major part of the interaction surface with the N-terminus of ARPC5. In the model based on the reconstruction of branch junctions (9), the DNase-binding loop of Arp2 (residues 39-51) interacts with an actin subunit in the mother filament. The DNase-binding loop of Arp2 differs in sequence and is two residues longer than in actin. These differences provide a convincing structural basis for the failure of actin to substitute for Arp2 in the nucleation reaction.
The presence of Arp2/3 complex lacking Arp2 in extracts of S. pombe led us to wonder if dissociation of Arp2 plays a role in regulating Arp2/3 complex activity in vivo. The inactivity of ∆Arp2 Arp2/3 complex is consistent with the observation that the E316K mutation in Arp2 causes defects in cell septation, a process thought to require Arp2/3 complex (39, 40) . Fluorescence microscopy of wild-type fission yeast strains expressing Arp2-CFP and ARPC3-YFP showed that the ratio of Arp2 to ARPC3 was uniform in actin patches throughout the cell cycle (Fig. 6) . Previous studies established that all actin patches contain a 1:1:1:1:1 ratio of all five subunits measured (Arp3, Arp2, ARPC1, ARPC3, ARPC5)(36) (V. Sirotkin, personal communication). While we cannot rule out the possibility that Arp2 dissociates from the rest of the complex but remains in the patches, this scenario seems unlikely, since the E316K mutation, which favors dissociation of Arp2 from the complex in vivo, causes Arp2 to leave the actin patches and adopt a diffuse localization (39) . Therefore, we have no evidence that cells use ∆Arp2 Arp2/3 complex selectively in patches or other structures.
Interaction of VCA and actin monomers with
Arp2/3 complex lacking Arp2-We found that the loss of Arp2 does not decrease the affinity of SpWsp1-Rho-VCA for SpArp2/3 complex. Similarly, GST-Bee1-VCA (a budding yeast WASp homolog construct) pulled down similar amounts of Arp3 from extracts of wildtype and ∆ arp2 strains of budding yeast (41) . This is consistent with experiments which showed that most of the binding energy of GST-Bee1-VCA for ScArp2/3 complex comes from its interaction with the ARPC1 (Arc40) subunit (41) . On the other hand, VCA constructs protect Arp2 of bovine Arp2/3 complex from oxidation in synchrotron radiation footprinting experiments (16) and have been chemically crosslinked to the Arp2 subunit of Arp2/3 complex from multiple species (17) (18) (19) . All of these observations may be reconciled, if VCA contacts Arp2 without contributing strongly to the binding affinity.
Our FRET assays confirmed that the affinity of OG-actin for rhodamine-VCA is slightly weaker in the presence of the full Arp2/3 complex (K d = 16 ± 2 nM without Arp2/3 complex, 24 ± 1 nM with Arp2/3 complex) (35) . This indicates that VCA, actin and Arp2/3 complex can interact simultaneously, but that the actin monomer in this ternary complex does not make productive contacts with Arp2/3 complex. We suggest that actin in the ternary complex must reorient relative to Arp2/3 complex subunits during the activation step (35) to establish a nucleus for the polymerization of the daughter filament. The lower affinity of actin for VCA in the presence of Arp2/3 complex also suggests that actin and Arp2/3 complex compete for a common binding site on VCA. The C region is the best candidate for this common site (14) , since it binds weakly to both actin (K d = 12 µM) and Arp2/3 complex (K d >200 µM) in a mutually exclusive manner (42) .
The FRET assay showed that the affinity of VCA for OG-actin is two-fold stronger (K d = 12 ± 2 nM) with ∆Arp2 Arp2/3 than full Arp2/3 complex (K d = 24 ± 1 nM). We speculate that dissociation of Arp2 either relieves steric inhibition that prevents the C region from interacting with actin and/or that Arp2 subunit completes with actin directly by weakly binding the C region.
We note that our results differ from the interpretation of a small angle x-ray scattering model of Arp2/3 with bound activator and monomeric actin (20) , in which the C-region of the activator makes extensive interactions with Arp2. While we do not rule out weak interactions between Arp2 and the activator, our data show that the loss of Arp2 increases the affinity of VCA for Arp2/3 complex and does not affect recruitment of actin to VCA bound to Arp2/3 complex.
Insights into the mechanism of Arp2/3 complex activation-Our structure of the ∆Arp2 Arp2/3 complex shows that dissociation of the Arp2 subunit did not perturb the remaining subunits in the complex. This establishes the feasibility that Arp2 partially dissociates during the conformational change that activates the complex (9). However, the N-terminus of ARPC5, which has been proposed to tether Arp2 to the complex during the proposed conformational rearrangement (22), is not necessary for Arp2/3 complex activity in vitro, suggesting that Arp2 maintains contacts with other subunits during activation. This observation supports a model where a twisting motion rotates a rigid body composed of Arp2, ARPC1, ARPC4 and ARPC5 into the active conformation (10) . The interpretation of small angle x-ray scattering from Arp2/3 complex with bound activator and actin monomer also supports the rotation model (20) .
While the N-terminal tether of ARPC5 does not play a fundamental role in the activation of Arp2/3 complex, it may be important in stabilizing interactions of Arp2 with the rest of the complex. Consistent with this hypothesis, we recovered more ∆Arp2 Arp2/3 complex from the ARPC5∆N strain than wild type cells. The residues involved in the interface between ARPC5 and Arp2 are conserved in most species (Supplemental Fig.  S4 ), but in most plant species the N-terminus of ARPC5 is too short to reach Arp2 in models based on structures of inactive bovine Arp2/3 complex (10) (11) (12) or the model of the branch junction based on electron tomography (9) . Therefore, the stabilizing function of the Nterminus of ARPC5 is unlikely to occur in plants.
We were surprised that Arp2 does not contribute to the affinity of VCA for Arp2/3 complex and that, in fact, the affinity is slightly higher without Arp2. This observation suggests that VCA facilitates the movement of Arp2 next to Arp3 without strongly interacting with Arp2 Perhaps Arp2 is a passive participant in activation, with interactions of other subunits of Arp2/3 complex with NPFs and a mother filament providing most of the free energy for the conformational change that creates a favorable binding site for the first actin subunit of the daughter filament with Arp2 and Arp3. Alternatively, VCA may interact strongly with Arp2 only after the complex is bound to mother filament. Consistent with this hypothesis, kinetic and thermodynamic data demonstrated multiple modes of NPF binding to Arp2/3 complex (42), and sequence similarities between C-and Vregions suggest that the C-region may interact with Arp2 like V interacts with actin during activation (43) . Elucidation of this complex activation mechanism will require much more structural, biophysical and biochemical information than is currently available.
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